Chemical doping of graphene with small boron nitride (BN) domains has been shown to be an effective way of permanently modulating the electronic properties in graphene. Herein we show a facile method of growing large area graphene doped with small BN domains on copper foils using a single step CVD route with methane, boric acid powder and nitrogen gas as the carbon, boron and nitrogen sources respectively. This facile and safe process avoids the use of boranes and ammonia. Optical microscopy confirmed that continuous films were grown and Raman spectroscopy confirmed changes in the electronic structure of the grown BN doped graphene. Using XPS studies we find that both B and N can be substituted into the graphene structure in the form of small BN domains to give a B-N-C system. A novel structure for the BN doped graphene is proposed.
Introduction
Since the discovery of atomically thick graphene in 2004, 1 it has been considered as one of the most promising candidates for future electronic devices due to its excellent electronic properties 2,3 and versatile application possibilities in transparent electronics. [4] [5] [6] [7] The absence of a band gap in graphene however limits its properties for application in electronic devices and reproducible practical procedures that open a band gap in graphene would widen its applicability. One way of achieving this is by doping. 8 Different methods to make doped graphene can introduce these modications and tune the properties of graphene to render graphene a highly customizable material as has been achieved with carbon nanotubes. 9 Making graphene a hole conductor involves the use of electron withdrawing dopants, whilst electron donating dopants are used to make it an electron conductor. Two types of graphene doping have been widely investigated, namely surface transfer doping 10 and chemical doping. 11 Doping has been achieved by the use of chemical species or an electric eld. 12 The surface transfer doping methods have been used successfully to modify charge carriers in graphene but the shortcoming of the approach is that the doping is temporary and the doped graphene is difficult to integrate into functional devices. Permanent doping has been achieved in graphene by chemical doping using B for p-type graphene and N for n-type graphene. 13 A wide range of precursor materials have been reported to incorporate nitrogen or boron into graphene.
14-17
Several theoretical studies have shown that simultaneous incorporation of B and N in graphene is thermodynamically possible yielding small planar hexagonal boron nitride (h-BN) domains in graphene and most importantly that this process achieves band gap modulation in graphene. 18, 19 The band gap opening in graphene, due to doping with small BN domains, has been attributed to the breaking of localized symmetry. 20 The tunable electronic properties of graphene material containing BN make this material likely to be useful in electronic devices, composites, energy conversion and storage. 21 Indeed, a CVD method has recently been used to grow BN doped graphene on a copper foil using Ar/H 2 , methane and ammonia borane gases.
22
This method produced graphene domains alloyed with discrete large BN domains.
Here we demonstrate a facile, safe process for the chemical vapor deposition synthesis of BN doped graphene on copper using methane, boric acid powder and nitrogen gas. We show that B and N are incorporated and that the N is bonded with the carbon within the graphene structure to make a continuous BN graphene material. Small units of BN in graphene, i.e. one B surrounded by three N and singly occurring hexagonal BN rings containing three B atoms and six N atoms are formed. Three of the N atoms in the hexagonal rings are also bonded to the carbon of the graphene. We provide a simple reproducible experimental method to synthesize large area graphene doped with small BN domains which can be used to make high quality BN doped graphene for possible applications in nanoelectronic devices. 23 A 1 cm Â 2 cm copper foil was inserted into the centre of a cylindrical quartz tube reactor (22 cm Â 100 cm). A copper envelope containing 300 mg boric acid powder was inserted into the quartz tube reactor 4 cm behind the copper foil as shown in Fig. 1 . The reactor was evacuated to 30 Torr. A 7% H 2 in N 2 (H 2 -N 2 ) gas mixture (Air Gas, batch analyzed grade) was introduced into the reactor at 80 sccm whilst the vacuum was kept at 30 Torr for a further 15 minutes. The reactor was then heated to 995 C under vacuum. The reactor was held at 995 C for a further 30 minutes aer which methane gas (Air products, Ultrahigh purity) was also introduced at 20 sccm. The reaction was allowed to proceed for 20 minutes. The methane ow was stopped and the reactor was cooled under the H 2 -N 2 gas at 80 sccm. Numerous experiments were conducted to optimize the separation between the boric acid container and the copper foil catalyst. The 4 cm separation distance was found to be the optimal distance for quality graphene growth to take place in the presence of a boric acid source. Methane (20 sccm) and H 2 -N 2 gas (80 sccm) without boric acid was also used to produce undoped graphene using the same procedure. The graphene was transferred onto a silicon substrate with a 300 nm silicon oxide layer (SiO 2 /Si) as reported in ref. 23 . In summary, 5 mm Â 5 mm copper foil squares were cut from the 1 cm Â 2 cm copper foil catalyst used and poly(methyl methacrylate) (PMMA) (Mico Chem) was spin coated onto the surface of the copper square on a spin coater (3000 rpm). The copper was then etched away from the doped graphene/PMMA layers (3 hours) in a 1 M solution of FeCl 3 contained in a Petri dish. Aer all the copper had been etched away, the graphene/PMMA was le oating in the FeCl 3 solution and was then washed several times in a 1 M solution of HCl, followed by washing in water. Lastly the graphene/PMMA was attached to a cleaned SiO 2 /Si substrate and was le to dry for 2 hours in air at ambient temperature. The PMMA was removed from the graphene by dissolving the PMMA in acetone. This was achieved by placing the PMMA/graphene on the SiO 2 /Si in a Petri dish containing acetone which was le standing for 15 minutes. The acetone was decanted and replaced by fresh acetone, and the process was repeated 3 times. Lastly the graphene was washed in methanol (to ensure complete removal of PMMA/acetone residues) and le to dry in air under ambient conditions.
Characterization
The doped and undoped graphene samples were characterized on SiO 2 /Si substrates unless otherwise stated. Optical images of the graphene were recorded using an optical microscope. Surface morphology and graphene thickness characterization studies were conducted by tapping-mode atomic force microscopy (AFM) using a Dimension 3100 from Veeco. Morphological characterization of the BN doped graphene was carried out on graphene transferred onto plain copper grids using a Technai G 2 spirit TEM at 120 kV. Raman spectra were measured on an InVia Raman microscope (Reinshaw) at an excitation wavelength of 514 nm. X-ray photoelectron spectroscopy (XPS) measurements were performed with a Thermo Scientic K-Alpha spectrometer. All spectra were recorded using an Al Ka microfocussed monochromatized source (1486.6 eV) with a resolution of 0.6 eV. The spot size was 400 mm and the operating pressure was 5 Â 10 À9 Pa.
3 Results and discussion (Fig. 2b) is dark pink in colour. The colour contrast suggests that the BN doped graphene could be a single or double layer graphene. Fig. 2c and d show TEM images of a continuous BN doped graphene material on a plain Cu grid. The small dark spots observed are due to residual Cu particles; the holes are due to imperfections in the graphene layer which develop during the transfer process. AFM imaging data revealed a continuous lm of BN doped graphene with wrinkles ( Fig. 2e) which resulted from the transfer process of the graphene onto the SiO 2 /Si substrate. The section analysis of the BN doped graphene shown in Fig. 2e revealed a uniform material with a thickness between 1.0 and 1.4 nm indicating that the material was at most a double layer graphene. 24 In summary, both AFM and TEM analyses indicate that the BN doped graphene is uniform and of large area (Fig. 2) .
Raman spectra of pristine and BN doped graphene were taken from ve different regions of both the doped and undoped graphene samples. Fig. 3 shows the comparison of the Raman spectra of one measurement from both the pristine and BN doped graphene. The Raman spectrum of pristine CVD graphene shows three peaks (1347, 1585 and at 2686 cm À1 )
representing the D, G and the 2D bands respectively (Table 1) .
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Compared to the G and the 2D bands the D band has a very small intensity showing that the graphene is of high quality.
The ratio between the intensity of the G to that of the 2D band (I G /I 2D ) is ca. 0.3 which suggests that the graphene has properties similar to that of a single layer graphene. 24 The Raman spectrum of the BN doped graphene also showed three peaks (1341, 1589 and 2690 cm À1 ) again representing the D, G and the 2D bands respectively ( Table 1) . The slight upshi of the G and 2D peaks of the doped graphene is associated with chemical doping into the graphene structure. 26 The D band of the doped graphene showed a slight downshi. The doping is further corroborated by a shoulder on the G peak, also known as the D* peak, observed at 1623 cm
À1
. This split in the G peak of graphene has been reported previously by several authors and has been attributed to localized symmetry breaking in graphene, [27] [28] [29] as found in BN doped graphene. 22 The I G /I 2D ratio of the BN doped graphene is 0.86, and the intensity of the 2D band is diminished in the BN doped graphene.
XPS data were recorded on the pristine and BN doped graphene. All spectra were recorded using an Al Ka microfocussed monochromatized source (1486.6 eV) with a resolution of 0.6 eV. The spot size was 400 mm and the operating pressure was 5 Â 10 À9 Pa. XPS data for pristine graphene revealed the presence of C and a small amount of O (not shown). The doped graphene by contrast showed peaks in the 400, 190 and 284 eV regions that correspond to N, B and C atoms respectively (Fig. 4) . The atomic percentage of C, N and B in the sample was 98.0%, 1.38% and 0.62% respectively. The atomic percentage of the N and B dopants could be increased, but this was accompanied by an increase in the oxygen content and poor quality of the BN doped graphene that was produced. Fig. 4a shows the N1s spectrum of BN doped graphene and reveals only a single peak at 399.8 eV. Since pure hexagonal boron nitride (h-BN) 30 and BN doped graphene with discrete domains of BN alloyed with graphene 22 give peaks at 398.1 eV, these types of structures can be ruled out in this new material. The peak at 399.8 eV is close to, but different from, the reported Fig. 3 Raman spectra of pristine graphene and BN doped graphene synthesized using the CVD method on copper. XPS peak energy of $401 eV for graphitic/quaternary N in graphene. 31 The N1s peak position lies more toward the high binding energy region of a C-N bond. This suggests that there are more C-N bonds around a single N compared to B-N bonds. This is possible in a case where N is bonded to one B atom and two C atoms. These data suggest that the BN is not in the form of discrete domains (Fig. 6c ) but is part of the extended graphene structure in the form of small BN domains shown in Fig. 6a and b. 
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The B1s prole shown in Fig. 4b suggests that several B species are present and incorporated within the doped graphene product. The three peaks at ca. 191.0, 188.7 and 186.7 eV having different intensities indicate three B containing species with different concentrations. The large B1s peak at 191.0 eV can be associated with a boron atom linked to a nitrogen atom (BN structure). 32, 33 This is consistent with BN incorporation into graphene. The two boron species in lower concentrations, compared to the B in the BN, could correspond to BC 3 at 188.7 eV (ref. 34 and 35) and to B 4 C at 186.7 eV (ref. 36) suggesting that C-B bonds are also present in the new material. However B-C bonds are very few meaning that, under the reaction conditions we have in this case (methane, boric acid and nitrogen gas), B-N formation is more favourable than B-C formation.
The C1s spectrum of the BN doped graphene (Fig. 4c) shows ve peaks aer deconvolution. The peak at 284.0 eV corresponds to sp 2 hybridized carbon (graphitic carbon) from the undoped region of the graphene material. 37 The peak at 285.1 eV can be associated with sp 2 hybridized carbon bonded to nitrogen 38 and to carbon with defects. 39 The two peaks associated with sp 2 hybridized carbon bonded to nitrogen and to carbon with defects overlap at 285.1 eV to form one peak. The peak at 285.1 eV likely arises from graphene domain edges and defects. The smaller peak at lower binding energy (282.5 eV) can be associated with B-C bond formation. The higher binding energy peaks at ca. 286.6 and 289.1 eV are attributed to the formation of C-O bonds.
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Fig . 5 shows the comparison of the C1s spectra of the pristine graphene with those of BN doped graphene. The C1s spectrum of pristine graphene has a more symmetrical shape and is very sharp when compared to the C1s spectra of the doped graphene. XPS analysis showed a downshi of 0.6 eV and broadening of the C1s peak aer doping with BN. The downshi in the C1s peak of the doped material suggests that the material is a p-type semiconductor as was observed in doped p-type semiconducting carbon nanotubes.
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Experimental studies have shown that carbon lms doped with both B and N exhibit p-type semiconducting behavior.
42 Ambipolar semiconducting behavior was reported in a h-BNC material which contained discrete domains of graphene and h-BN. 21 Analysis of the atomic composition of B and N atoms in our BN doped graphene showed that the B/N ratio was between 0.5 and 0.3, i.e., N was in excess in the graphene. This is possible because the N source in this reaction was nitrogen gas and this was in excess compared to the B from boric acid. Fig. 6 shows three possible types of BN structures in the graphene matrix. Fig. 6a shows a BN species with a B/N ratio of 0.33 and Fig. 6b shows an h-BN structure with a B/N ratio of 0.5. The B/N ratio expected for Fig. 6c , which shows larger BN domains, is close to 1. The data hence suggest that small BN domains have been incorporated within the graphene matrix but not in large discrete BN domains.
We propose a mechanism for the formation of small BN domains within the extended graphene structure. Upon heating, H 3 BO 3 in the copper container melts (171 C) and volatil- (1)). 43 Reaction of C with B 2 O 3 on the copper catalyst surface generates B-C species. However in the presence of N 2 , the B-C species are stabilized and form BN species in the graphene matrix (eqn (2)). The two reactions shown in eqn (1) and (2) take place on the copper surface. Reaction (2) is initiated by reaction (1). A similar mechanism has been used to explain the synthesis of BN doped single walled carbon nanotubes.
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Formation of BN in a graphene oxide material using graphene oxide material and B 2 O 3 required a temperature of 1500 C. 33 In our case the reaction took place at 995 C using the inert N source, N 2 gas. The reaction can also be performed at low temperatures <1000 C if the more reactive NH 3 replaces the inert N 2 . 
Conclusions
In summary, we have synthesized large area graphene incorporating small BN species by a facile and safe process avoiding the use of boranes and ammonia. Raman analysis reveals formation of monolayer (or few layer) BN doped graphene. XPS revealed that several B bonding species were incorporated into graphene with the main product being the small BN domains. The N of the BN is bonded to carbon forming B-N-C systems, showing that we managed to grow continuous BN containing graphene in which BN species were incorporated in the graphene structure. This remarkable nding has led us to synthesize large area graphene incorporating small BN domains. The method is a simple one. Raman data revealed an additional D* band in the BN doped graphene that conrmed possible band gap opening by graphene symmetry breaking. The results presented here are highly relevant to the application of graphene in nano-optoelectronic devices.
